1. The relation between the angular displacement and the intensity ratio in the case of a pure tone; (a) with no difference of phase, (b) with a large difference of phase.
2. The relation between the angular displacement of a complex tone of two componants and the intensity ratio of one of these componants, the intensity ratio of the other being Jsept constant.
On this problem, C.C.Bunch, a graduate student in psychology and myself a graduate student in physics have worked together this year.
Eistorical. The influence of intensity in bin aural localization has been considered to be an impor tant factor and by many the most important factor. Very few accurate measurements have been made but Many experiments have been made which could easily be in terpreted to favor the intensity theory as it is often called. Practically all the work bearing on the subject r of intensity and localization is refe^ed to in one or more of the historical accounts of A.H.Pierce, P.Rostoso For the case where the sound will he reflected from a wall to the ear, he also calculates the effect cf the re-31 flection. He devised an instrument which he called homo-A phone to test his theory and claimed to have proved his theory, but he apparently assumes that the head casts a perfect sound shadow^which is incorrect. 1 2 Thompson and Urbantschitsch found that when one ear was fatigued, the sound was shifted toward the opposite ear. C.E.Ferree and Ruth Collins^ found that subjects having a natural difference in sensitivity of the ears tend to shift the sound toward the axis of the stronger ear. Similar displacements could be made by plugging one ear; differences ifl sensitivity so produced had a greater effect than natural differences ih sensitivity. To cor rect for the natural difference in sensitivity, they plugg ed the stronger ear but not enough to make it equal to the weaker ear. In this way they could obtain no displace ment. They used a galton whistle of 20,000 vibrations per sec. and a tuning fork of 480 vibrations per sec. with essentially the same results. They conducted the sound to both ears by tubes, the length of which could be easily changed so they could get any phase difference desired. These experiments tend to show that phase differences are appreciated by the ears , but C.S.Myers and HfAiWilson advance a theory to explain their work. The theory is that by conduction from one ear to the other and a change of phase in conduction thru the head, the phase differences cause a difference of intensity at the ears themselves, and so try to explain it fundamentally by intensity.
Lord Rayleigh* criticizes their theory, saying that ac cording to the theory a small external difference of intensity would cause quite a difference in the local ization, but actually this is not true for low fre-2 quencies. Ferree and Collins also make the point that in these experiments with unequally long tubes there is a difference of intensity at the ears.
The fact that differences of intensities will cause a shift of the sound from the median plane was ob-3 ŝ erved by S.P.Thompson in 1878, by Tarchanoff in 1878, 5 and by Kessel in 1882.
6 Matsumoto was the first to make a careful study of the effect of intensity ratios on localization. He observed that sounds so placed that there was equal in tensity at the ears were always located in the median fused. This work showed that there was some relation be tween the angle and the intensity ratio but he makes no attempt to establish a numerical relation between the angle and the intensity ra$io. He says,"We must be satis fied if the general dependence of the latter on the for-» > mer is proved.
Mtinsterberg^ tested the least noticeable change in the direction of a sound. He found the change least in front and greatest in back with a comparatively regfrom the ular increase as the angle^front increased. He assumes the localization is based upon sensations of movement and accomplished either by actual head movements or the sen sation of strain when the head is not moved. This sen sation of strain must increase as the angle from the front increases. He says that these experiments conform exactly to Weber's law. This relation they verified for angles up to 45°.
This they show to be an extention of Weber's law in the following manner. Let(I#*/l^= R be the intensity ratio at the two ears, and let 0_ be the angle corresponding to R then let A R be the change of intensi t;yjrati o which will cause the least noticeable change of direction,46 ; To measure the amplitude of the fork A we had a microscope with a micrometer eye-piece focused on a bright spot near the end of one of the prongs of the fork
A. This bright spot was the end of a short piece of wire fastened on with wax. This was illuminated by focusing on it the light from one of the lamps on the ceiling. When the fork was vibrating the spot of light widened out into a line, the length of which gave us the amplitude. There were fifty-five divisions per mm. in the microscope, so we used one of these divisions as our unit of amplitude.
We could get any amplitude we pleased up to about one mm.
by properly loading the forks and adjusting the resistance in the circuit. When the forks were exactly in tune the amplitude was very large; then if one of the forks was loaded the amplitude decreased. The reason for this is as follows. When a fork is loaded its natural frequency is changed. When the fork A is exactly in tune with the fork B there is resonance and the fork A has a lagge amplitude.
When the fork A is loaded the resonance is more or less distroyed and the vibrations of the fork A are forced vibrations and the amplitude of vibration is more or less diminished for the same amount of energy used to run the forks. At first we loaded the fork A with wax then « later we used wire riders which had enough spring in them to stay when put on the fork.
Close to the fork A ( Fig. 1.) , on one side were two glass tubes about 7mm. internal diameter; one marked F we called the "fixed" tube because it was kept at a fixed distance from the fork; the other tube marked M we called the "movable" tube,because it was fastened to a piece of tin so that the whole thing could be slid back and forth while keeping the tube perpendicular to the fork and so varying the distance from that tube to the fork.
A mm. scale, fastened on a board which was fixed in re ference to the fork, enabled us to set this "movable" tube at any desired position. A part of the tin slider marked the relative position of the tube and when at the zero of the scale the "movable"' tube was about 1 mm. from the fork.
As the ears are quite easily fatigued by any tone for that particular tone, some device was necessary to shut of the sound when desired. G.W.Stewart and O.Hovda* in their work on this simply inserted a piece of card board between the fork and the tubes. We could not use this method because we had our "fixed" tube too close to the fork (about 2.5 mm. while they had theirs about 10 mm. For some of our experiments we could not get suf ficient intensity thru these water traps so we used mer cury traps, Fig. 2 . These consisted of the same kind of U tubes as before, except the internal diameter was much smaller, about 6 mm., and we used mercury instead of water This time we had the short glass tube at the base of the dip in a cup of mercury. This cup was fastened on a board and normally held up by a spring and so kept closed and could be opened by pressing on the board.
We used the same cup of mercury for both traps, but the sound passing from one trap to the other thru the mercury was almost subliminal, certainly too small to a f fect the results any. The mercury traps were more effect- tive than the water traps.
The sound was lead from the fork to the traps and from the traps to the ears or the Rayleigh disk by heavy rubber tubing about 4.5 mm. internal diameter. The length of path from the ears to the fork was about three meters. We made these tubes as near the same length as possible so as to have no phase difference, but our re sults seem to indicate that there was a small constant difference of phase. In fact in some of our work we changed the length of one of the tubes to correct this.
To measure the intensity of the sound we used a fairly sensitive Rayleigh disk. The Rayleigh disk and the observer were inja separate room from the forks and the traps. The tubes go thru two small holes in the wall; in this way the sound from the forks are scarcely audible to the observer except thru the tubes. We also arranged a couple of electric lights so we could signal from one room to the other. The Rayleigh disk gives deflections proportional to the intensity^. In fact we found that \ when other things were constant the deflections of the disk were proportional to the square of the amplitude of vibration of the fork, i.e. proportional to the in tensity. The binaurals used here were the ordinary stethoscope binaurals.
We first had to get an intensity curve, i.e. the curve showing the relation between the intensity ratio and the distance or the position on the scale, Fig.1 .
What we actually used was a curve having position on the scale and the logarithm of the intensity ratio as the coordinates.
Our method was for one of us to keep the amplitude of the fork constant, as near as possible, while the oth er observed the deflections of the disk for the "fixed" tube and for several positions of the "Movable" tube;
then dividing one by the other we obtained the ratio of intensities. Table 1 . is a sample of our data for this.
The first column gives the position of the "Movable" tube on the scale; the second,the deflections of the disk; deflections of the disk the third, the ratio of tfte^y to the average of the four deflections for the"fixed"tube. The average ratio for the where the amplitude is j50,for with this amplitude the de flection for the fixed tube is too/great to measure, i.e. of the deflections of the disk to the average goes off the scale. Column four gives the ratioAdeflections of the "movable" tube at 7, then from this the third column in the second part is obtained by making the aver-(relative to the "fixed" tube) age of the four ratiosA for' the "movable? tube at 7 to be 0.230 .
It is difficult to make accurate measurements of the intensity ratio with the Rayleigh disk; one reason is that noises around the building occasionally bothered, but the chief trouble is that it is almost impossible to keep the amplitude of the fork constant to within 2%, and as the intensity varies as the square of the amplitude this makes quite a variation. However by taking three or four sets similar to table 1. and averaging the results, we obtained a curve far more accurate than our localiz ation and consequently sufficiently accurate for our pur pose.
As we couldn't get sufficient intensity thru the water traps for our intensity curve, we replaced the traps by short glass tubes to get our intensity curve.
Then we took four positions of the "movable^tube and measured their ratio to the "fixed" tube,both with and without the traps. We did this to see if the fraction of the intensity which got thru the traps was a constant for all intensities and also to compare the traps. We found that the traps cut down the intensity to a constant frac tion of the original intensity regardless of what that intensity is; this fraction is aproximately 1/7. We found that one trap cut the intensity 3>% more than the other trap; we do not need to correct for this as this is too small a difference to cause anjappreciable error in our results,in fact the only effect it could have on our localization curves as we plotted them would be to shift the zero a trifle. Table 2 . gives the data far the curve showing the relation between the log of the intensity ratio and the position of the "movable' * 'tube on the scale. As we al ways had the "fixed" tudee to the right ear and the "movablfe1 ' tube to the left ear we used^Icfor the intensity at the left ear or from the "movable" tube and Irfor the right ear or the "fixed" tube. As we wished to verify the law 0 = k log(l/h), it was necessary to plot our results so the curves would be a straight line if that law held, i.e. nje must use as our coordinates 6 and log(l/l.). This is the reason for getting a curve using the log of the intensity ratio instead of the ratio itself. Fig. 4 . shows the curve connecting the log of the intensity ratio and the distance. From this we made our scale, shown also in Fig. 4 ., which we used to plot our of results. The upper partAwhich has divisions running from The end of the tube was adjusted as close as possible to the ears without touching them. We also fastened them togather by a strip of metal which served as a spring to hold them against the head.
We did practically all our work with the closed binaurals first and used the water traps, but when we started to use the"open" binaurals we found that the water traps would not allow enough sound to pass thru, so we used the mercury traps which did not greatly dias raini3h the intensity of the sound. We had to use^much as ten times the intensity when we used the "open" h inaurals as when we used the "closed" binaurals.
The reason the water traps cut the intensity of the sound so greatly was because the diameter of the tube in the traps was several times the diameter of the hole in the rubber tubing;for any bulged tube in place of the traps also cut down the intensity greatly. The tubing of which the msEpury traps were made had an internal diameter only a little greater than the rubber tubing we used.
We tried to use these small traps first with water but couldn't on account of bubbles, then we discarded them and used the larger traps with water until we came to
use the "open" binaurals, then we fixed the small traps up with mercury and called them mercury traps. These can be used for the"closed" binaurals just as the water traps in fact they are preferable to the other.
Method of observation. We took fifty different settings of the "movable" tube, These were so taken that in respect to the log of the intensity ratio they would be uniformily distributed. It was necessary to take a large number for the localization of these sounds were rather inaccurate, frequently varying 15° to 20° for the same setting,i.e. the same intensity ratio. We then took these fifty distances and mixed them up so they were in random order except we tried not to have two settings in succession which would be so close to each other that they would sound the same.
The observer sat in the center of a semi-circle of about 70cm. radius on which were marked the angles to every five degrees from 90° right to 90° left.
One person adjusted the position of the"movable" After the set we then combinedjthe distanced and the angles, every In practically^ case the observer did not know the order the distances were to be given in. Part of the .time we would only take half of the fifty at one sitting, and would take a rest in the middle, for it is tiresome t6 take fifty at one sitting. Some of the time one would take half a set,then the other a half a set, then the first one a half set, then the other finish his set.
As already stated we plotted our results with angles as ordinates and the log of the intensity ratio Curve (2) is not a single straight line, but appears to be a line with two distinct slopes,i.e.
there is a break in the curve at about 15° right.
Curves (l) and (3) were taken only three days apart under similar conditions, as far as we could get them.
Occasionally there was a second break in the neighsee Fig. 7 ., borhood of 90°,^ probably these would accur in every case if we had carried the intensity ratios far enough, for in every case where we used the distances from 0 to 40 we found the break at 90°.
As to the frequency of the broken curves as compared with the straight ones the following will give some idea... Out of six curves for the "closed" binaurals of one observer, one was straight, one had possibly a slight break, and four had a decided break in each curve. For another observer the breaks were not so marked, i.e. the difference df slope was not so great; out of six for the "closed" binaurals he had two straight ones. These breaks occur with the "open" as well as with the "closed" binaurals. Discusston of errors. The intensity curve is somewhat difficult to get accurate,hut for each point on the intensity curve (see table 2. and Fig. 4 .),ex cept for the distances 30 and 40, the intensity ratio used is the mean of five or more observations. The deviation of any observation from the mean is not more than b%, and the probable error less than 1%. In Fig.4 .
the points lie very closely on the smooth curve.
When our localization curves are plotted as in There is the danger of the fork4moving in respect to the "fixed" tube and the scale. As we have these things held in place by clamps the vibration of the fork may jar something loose. After we had taken an in tensity curve and a few observations, the fork came discarded loose, then we took a new intensity curve and^all the we had taken observations which a before. The intensity ratios were very much changed as can be seen from table 3., yet if plot the same set of observations with the two dif ferent intensity curves, we get curves almost identical in shape. The slope is considerably changed.and the zero a little displaced. However I am quite confident that for all the results used the fork had not moved after obtaining the intensity.curve enough to change any intensity ratio by more than ten percent. Fig. 8 .
shows the result of plotting the same set of observa tions by the two intensity curves. Curve (l) is plot ted corectly while (2) is plotted with the wrong in tensity ratios.
Another possible error is^that by moving the "movable" tubefa small difference of phase is intro duced. In most of our observations we only moved this tube 2 cm. For a 256 d.v. fork the wave-length would be about 134 cm., then the phase difference intro duced would be -S-x 360° = 5.5°. G.W.Stewart1 has 134 experimented quite, carefully on the effect of phase differences and has found that the displacements due to phase differences are very nearly equal to the phase differences themselves. About the only effect this could have on our curves wauld be to increase slightly the slope of the curves.
With the open binaurals it is almost impos sible always to. adjust them alike so that they will be in exactly the same position for the two ears. The effect of not having the ends of the glass tubes at the same position in the ears would be to change the intensity ratio of every setting of the "movable"tube by a constant factor. As we plot our curves with log of the intensity ratio as abscissa, this would amount to a translation of the coordinate axes, 1. G.W.Stewart,Binaural beats, Phys.Rev.
i.e., would shift the curve without changing its shape or slope. The shape of the ears is such that the actual p o sition when very close to the external meatus probably would not make a great difference in the intensity. For this reason it would appear that the position of the zero with the "open" binaurals might not be very constant. As a mat ter of fact the curves do mot cross the the line of equal intensity always at the same point even with the"closed" binaurals. There seems to be considerable variation in these curves from one time to the next.
The effect of phase differences. The fact that that are phase differences can cause angular displacements^ about equal to the phase differences has already been referred to. In our firfct work we tried to get the paths to the ears equal in order to have equality of phase. But mos.t of our curves cross the line of equal intensity at any where from 7° t.o 20°,i.e. the localization for equal in tensity was on the average from 7° to 20° left. The pro bable explanation of this is that a constant difference (prehaps due to differences in the diameter of the tubing) of phase/\displaces the localizations, in these cases, toward the left» To test the effect of phase differences, we replac ed a short glass tube by a longer glass tube in the tube to one ear thus changing the length of path and so in troducing a constant phase difference. This also changed the intensity ratio for any given position of the "movable" to find the constant ratio, tube by a constant factor. Hence^we need only measure the fraction of the intensity cut down by the additional tube; or, measure the ratio for any one setting of the "movable"
tube. Then as we use the log of the intensity tatio, we have simply to transform the coordinates by translation of the axes, after having plotted the localizations by the original intensity curve. From curves (l) and (2) it would appear that a large phase difference Changes the slppe of the curve.
Two curves jfor another observer show similar differences of slope. The "closed" binaurals do not show any marked differences of slope for large phase differences. In our work we found that for the best curves (Fig.6 . thfee of showsAour best curves) with practically equality of phase, the curve crosses 45° when the log of the intensity ratio is about 0.70 or 0.75 i.e. for a ratio of about 5 or 6 to 1, and the curves reach 90° when the log of the intensity ratio is about 1.4 i.e.,for a ratio of about 25 to 1. But as the zero was 10°to 15° off, the intensity ratio necessary to pro duce a displacement of 90° with exact equality of phase would be less, probably about 18 to 1, which is the value that sub stitution in the equation, A double localization. Occasionally it appeared that the sound could be localized in two directions, frequent ly as far apart as 90°. When this was noticed, v/ith the "closed" binaurals, there seemed to be two sounds; one a smooth ringing sound wnich did not change much as the in tensity ratios were changed, but was decidedly shifted when a large phase difference was introduced by using a long glass tube instead of a short tube; the other was a sort of a buzzing sound which shifted its position as the intensity ratio was changed. Thi3 v/as most noticeable when there wag a large phase difference, say 50° to\?0°, and an intensity ratio sufficient to produce a displace ment of normally 20° to 40° in the opposite direction.
Then the two sounds were sometimes so separate and distinct as to be very confusing. For the "closed" binaurals, when ever I tried to notice this these were generally clearly distinguishable except when both were located very close together or when the ratio of the intensities was such as to cause localization close to 90°. In general I tried not to notice this or pay any attention to it.
With the "open" binaurals this was not generally noticeable and when it was, was not so distinct as with the "closed" binaurals.
This effect was observed only by Bunch and myself out of four observers, however only one of the other two took any observations with a large phase difference and that only once. We noticed it only after very many observati ons.
S.P.Thompson* in describing the location of the acoustic image says that when there is a phase difference for a pure tone the sound is located partly in the ears and partly in the back of the head. For our double local ization, one was decidedly in the front of the head, as to the other I would not positively state that it did not sound in the ears, but it did not seem that way to me. izations, it would seem that the phase of the forks relative to each other had no effect on our localizations.
With the "open" binaurals the sound did not in general seem to be double, hence we could get a single localization curve. Curves (3) and (4) fork was relatively fainter than with the "closed" binaurals.
On account of varying the intensity at one ear only, the intensity sum varied in the ratio of about 2 to 1.
The question might be asked whither this could make any difference in the results of the localizations and whether the absolute value of the intensity sum made any difference, it does Probably^not in the case of a pure tone, for we did not al ways have the same amplitude of the fork and sometimes the amplitude was not constant during a set of observations. Possibly the actual intensity might have some effect on the slope of the curves.
Where one component of a complex tone was varied this could easily cause a difference, for if the sound from the 256 d.v.fork is equal in intensity to that of the 128 d.v. fork, when the "movable" tube is close to the fork, it would only have about half the intensity when the "movable" tube is at quite a distance from the fork. There are frequently breaks in the curves which we can not explain, except that we think that the breaks are due to some abnormal condition of the observer. interference. This has not been tried out very carefully, and only a very few curves for this were taken.
